Among the family of ferrites, M-type hexaferrites has many industrial applications ranging from simple magnets to microwave devices. Improvement in magnetic and dielectric properties of ferrites is of continuous interest. In this present work details study is done to observe the effect of co-doping of rareearth (RE 3+ : Pr 3+ , Sm 3+ , and Gd 3+ ) and aluminum in Sr 0.82 RE 0.18 Fe 12−x Al x O 19 (x = 0.0, 0.5, 1.0, 1.5, 2.0). The adopted samples were synthesized via autocombustion technique. Detailed synthesis, structural, magnetic, and electrical measurements of samples were performed to understand structural-magnetic-electrical property relationship. The Al 3+ substitution for Fe 3+ brings in a significant enhancement in coercivity but reduces magnetization due to the magnetic dilution effect. Additional coercivity enhancement was possible with RE 3+ doping without affecting the magnetization of samples. Among all RE 3+ doped samples, Pr 3+ doped samples showed the highest Curie temperature, (T c ~ 465˚C), while Gd 3+ doped samples showed little variation in dielectric properties in GHz frequency range. This makes RE 3+ doped samples as an ideal candidate for high-frequency microwave applications. Pr 3+ with oblate charge distribution (negative Stevens constant) was observed to substitute well into the lattice consequently bringing in desired improvements in physical properties of Sr 0.82 RE 0.18 Fe 12−x Al x O 19 ferrite.
Introduction
M-types hexagonal ferrites like BaFe 12 O 19 and SrFe 12 O 19 with magnetoplumbite structure have been widely investigated and used as a permanent magnet because of their high magnetization (M s ) and coercivity (H c ), low manufacturing cost for industrial production and stability [1] [2] [3] . Crystal structure of this magnetoplumbite is characterized by close packing of oxygen and Sr ions with Fe atoms at the interstitial positions. The hexagonal Sr-Ferrite has 24 Fe 3+ ions per unit cell which are distributed on five different crystallographic sites viz. three octahedral sites, 12k, 2a, and 4f2, one tetrahedral site, 4f1, and one trigonal bipyramidal site, 2b [4] . Among them, three sites 12k, 2a, and 2b have spin-up, while 4f1 and 4f2 have spin down. Because of the competing effect of these spins, the ferromagnetic coupling is favored with the superexchange between Fe-O-Fe.
Therefore, the distance between Fe-O-Fe becomes smaller. This lattice distortion leads to the situation where the magnetic moments of the five Fe sublattices are not mutually parallel. The magnetic structure is a collinear ferrimagnet with a net moment per unit cell of the only 40 μB at 4.2K [5] . It is known that Fe ions at 2b site provide the largest positive contribution to magnetic moment than at 4f1, 4f2, 2a (relatively weak and positive moments), 12k sites (negative moments) [6] .
Hence, the intrinsic magnetic properties of Sr-Ferrite can be enhanced by substitution for Fe ions in different sites with other suitable ions. The intrinsic magnetic properties of Sr-hexaferrite are found to be affected by the partial substitution for Sr or Fe sites, or both. The different group reported significant improvement on magnetic properties by doping for Sr or Fe sites or both.
A significant improvement in magnetic properties has been reported in SrFe 12 O 19 hexaferrites by the substitution of Sr 2+ by rare-earth (RE 3+ ) ions such as by La 3+ [7] , Nd 3+ [8] , Sm 3+ [9] [10], Gd 3+ [11] , Fe 3+ ions by magnetic ions such as Co 2+ [12] [13] and Cr 3+ [14] ions and non-magnetic ions such as Al 3+ [15] , Zn 3+ [16] , Ga 3+ [17] and Cd 3+ [18] [19] , and replacement of Sr 2+ /Fe 3+ together with Pr-Zn [20] , La-Cu [21] , and La-Zn [22] . From this reported literature on hexaferrites, it is observed that the insertion of RE 3+ into hexaferrite lattice inhibits grain growth, reduces grain size, and thus controls the coercive force for wide practical applications. Recently our group has reported substantial enhancement in coercivity 300% in SrFe 8 Al 4 O 19 ferrite as compared to that of pure Sr-Ferrite [23] . The reported enhanced coercivity is attributed to the growth of monodomain particles. As ion size of the RE 3+ element is smaller than Sr 2+ (1.18 Å) [ The balanced chemical reaction during the process is given as: 
where a E is the activation energy and B K is the Boltzmann constant. The activation energy in the present case was obtained by fitting the DC resistivity data.
Dielectric measurements were performed on the same sample in the low-frequency range from 10 kHz to 10 MHz using HP 4275A Multi-Frequency LCR Meter and high-frequency range from 200 MHz to 13,700 MHz using Field Fox Analyzer (N9915A).
Result and Discussion
The room temperature XRD pattern of Sr 0.82 RE 0 are listed in Table 2 [24] .
The average crystallite size and micro-deformation were determined by using
Halder-Wagner-Langford's (HWL) plot technique applied to the XRD data [26] .
According to HWL, the relationship between FWHM of x-ray diffraction peaks, "β", with the mean crystallize size, "T", and the micro-deformation of a grain, "ε", is given
where β * is given by
, λ the x-rays wavelength, and d * is given as
The plot of the Equation (3) Crystallite size and micro-strain deformation measured from the plot is summarized in [30] .
FTIR spectra of Sr 0.82 RE 0.18 Fe 12-x Al x O 19 is shown in Figure 5 . From Figure 5 , [18] . The shifting of absorption bands towards higher frequency has been observed with increasing Al 3+ content. This shift in the wavenumber is due to higher energy absorption accompanied by a change in bond-length. unit cell. Also, Pr 3+ is lighter than Sm 3+ and Gd 3+ , thus Pr 3+ -Al 3+ display slightly greater shift in wavenumber than Sm 3+ -Al 3+ and Gd 3+ -Al 3+ doped samples [34] .
The vibrations bands are broadened by the substitution of RE 3+ ions shown in as a function of Al 3+ content, is plotted in Figure 7 . The magnetic properties of the substituted ferrite in comparison to pure SrFe 12 sites, which in turn, changes magnetocrystalline anisotropy significantly [15] . In addition, Al 3+ doping case distortion of 2b site, which alters the magnetocrystalline anisotropy of 2b site [41] . This collective change in anisotropy promotes an increase in coercivity. Advances in Materials Physics and Chemistry
Stoner-Wohlfarth relation [38] shows that H c = K 1 /M s , where K 1 is magnetocrystalline anisotropy, and M s is saturation magnetization. With Al 3+ doping, saturation magnetization, M s decreases thus coercivity, H c increases. A decrease in saturation magnetization, M s and changes in K 1 , enhance the coercivity of Sr 0.82 RE 0.18 Fe 12-x Al x O 19 with Al 3+ substitution. The grain size also affects the coercivity since the grain size of Al 3+ doped sample is smaller the critical size 560 nm of SrFe 12 O 19 [4] ; the particles in the sample are single domain. In the absence of a domain wall, the energy required to flip the moment is high. Thus, the grain refinement additionally contributes to the coercivity [23] . Among doped samples, Gd 3+ -Al 3+ doped samples show high coercivity, most likely due to its finer grain size ( Figure 10 , and values are listed in Table 4 . temperature leads to conduction current by hopping electron between Fe 3+ ↔ Fe 2+ at various sites [42] [43] . The increasing resistivity with Al 3+ content can be explained based on on-site occupancy, grain size, grain boundaries, etc. As Al 3+ ion predominantly replaces Fe 3+ ion at 12k octahedral sites, it decreases the number of hopping electrons [17] , leading to an increase in electrical resistivity.
The number of Fe 2+ and Fe 3+ ions is greater in large grain due to which hoping of an electron is easy in the large grain than in smaller grains. Therefore, strontium ferrite with Gd 3+ -Al 3+ doped shows higher resistivity. Table 5 . Figure 13 shows the plot of activation energy vs. RE 3+ -Al 3+ content. The activation energy increases with Al 3+ content in all set of the samples. The activation energy for Gd 3+ -Al 3+ doped samples is higher than Sm 3+ -Al 3+ and Pr 3+ -Al 3+ doped samples due to reduced grain size and increased grain boundaries. The activation energy was observed to increase with decreasing ionic radii of RE 3+ [44] . The increase in activation energy with increasing RE 3+ -Al 3+ means that higher energy is required to eject the trapped electron and participate in the conduction mechanism. Also, higher activation energy and enhanced DC resistivity with RE 3+ substitution are due to the formation of a small amount of additional phases REFeO 2 [45] . polarization is governed by the available free charges on the grain boundaries and conductivity of the sample [50] . For high-frequency range, the dielectric constant decreases with increasing frequency of an external field and become frequency-independent due to the fact that electron hopping between Fe 2+ and Fe 3+ cannot follow the alternating field means that frequency of exchange electrons lags behind the frequency of the applied field [36] [43] . The dielectric constant of all set of samples remains almost constant in GHz range, but a sudden drop at ~12.7 GHz is observed due to the fact that the frequency of hopping electron between Fe 3+ and Fe 2+ becomes equal to the frequency of the applied alternating field leading to the resonance absorption. The dielectric loss factor decreases with increasing frequency for all sets of samples. The origin of dielectric loss in ferries came from electron hopping in response to low frequency and charged dipole defects response to high frequency [48] . The dielectric loss factor is minimum for Gd 3+ -Al 3+ samples, which is attributed to the smallest radial size used among three sets of samples [51] .
Conclusion
The structural, magnetic, and electrical properties of Re 3+ -Al 3+ 19 , which is attributed to increased grain boundaries and reduced grain size. The dielectric constant and dielectric loss were observed to decrease with frequency. This behavior of dielectric constant was attributed to the lagging of hopping electrons behind the applied alternating field. Also, dielectric constant decreases with the Al 3+ content due to a reduced number of Fe 3+ ions. As the coercivity and resistivity can be increased without much affecting the magnetization, RE 3+ substitution in the strontium ferrite is beneficial for microwave devices.
